INFECTION AND IMMUNITY, Nov. 2005, p. 7413-7421
0019-9567/05/$08.00+0 doi:10.1128/IAI1.73.11.7413-7421.2005

Vol. 73, No. 11

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Epsilon-Toxin Is Required for Most Clostridium perfringens Type D
Vegetative Culture Supernatants To Cause Lethality in the Mouse

Intravenous Injection Model

Sameera Sayeed,' M. E. Fernandez-Miyakawa,” Derek J. Fisher,'” Vicki Adams,*
Rachael Poon,* Julian I. Rood,* Francisco A. Uzal,> and Bruce A. McClane'**

Department of Molecular Genetics and Biochemistry" and Molecular Virology and Microbiology Graduate Program,
University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15261; California Animal Health and Food
Safety Laboratory System, San Bernardino Branch, School of Veterinary Medicine, University of California,
Davis, San Bernardino, California 92408% and ARC Centre for Structural and Functional Microbial
Genomics, Department of Microbiology, Monash University, Victoria, Australia®

Received 3 June 2005/Returned for modification 27 June 2005/Accepted 27 July 2005

Clostridium perfringens type D enterotoxemias have significant economic impact by causing rapid death of
several domestic animal species. Consequently, domestic animals are commonly vaccinated, at varying efficacy,
with inactivated type D vegetative supernatants. Improved type D vaccines might become possible if the lethal
toxins produced by type D isolates were characterized and the contributions of those toxins to supernatant-
induced lethality were established. Therefore, the current study evaluated the presence of lethal toxins in
supernatants prepared from late-log-phase vegetative cultures of a large collection of genotype D isolates.
Under this growth condition, most genotype D isolates produced variable levels of at least three different lethal
toxins, including epsilon-toxin (ETX). To model the rapid lethality of type D enterotoxemias, studies were
conducted involving intravenous (i.v.) injection of genotype D vegetative supernatants into mice, which were
then observed for neurotoxic distress. Those experiments demonstrated a correlation between ETX (but not
alpha-toxin or perfringolysin O) levels in late-log-phase genotype D supernatants and lethality. Consistent with
the known proteolytic activation requirement for ETX toxicity, trypsin pretreatment was required for, or
substantially increased, the lethality of nearly all of the tested genotype D vegetative supernatants. Finally, the
lethality of these trypsin-pretreated genotype D supernatants could be completely neutralized by an ETX-
specific monoclonal antibody but not by an alpha-toxin-specific monoclonal antibody. Collectively, these results
indicate that, under the experimental conditions used in the present study, ETX is necessary for the lethal

properties of most genotype D vegetative supernatants in the mouse i.v. injection model.

Clostridium perfringens is an important cause (19) of both
histotoxic infections (e.g., human gas gangrene) and enteric
diseases (e.g., C. perfringens type A human food poisoning and
severe enterotoxemias in domestic animals). The virulence of
C. perfringens is largely attributable to its ability to produce
>15 different toxins, several of which have lethal properties
(15, 20). However, individual isolates of this bacterium do not
express this entire toxin repertoire, providing the basis for a
classification scheme (15, 20) that assigns C. perfringens isolates
to one of five different toxinotypes (type A to E) depending
upon their production of four («, B, €, and v) lethal toxins. With
the exception of alpha-toxin (CPA), the typing toxins are en-
coded by genes present on large plasmids (28).

In sheep, goats, and probably other domestic animals, C.
perfringens type D isolates cause enterotoxemias that initiate
with production of toxins in the intestines. Those toxins (in-
cluding epsilon-toxin [ETX], a CDC/USDA overlap select
toxin) can be absorbed through the intestinal mucosa (18) and
then spread via the circulation to internal organs, where they
cause blood pressure elevation and fluid accumulation in body
cavities, as well as edema in several organs, notably brain,
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heart, lungs, liver, and kidney (24, 29). Type D enterotoxemias
can result in peracute, acute, or chronic disease (18). In sheep,
these infections primarily produce neurologic signs, which may
or may not include classical brain edema-induced focal sym-
metrical encephalomalacia, often resulting in sudden death
(18). Similar peracute and acute neurologic disease, including
sudden death, is also observed in type D enterotoxemias of
kids and some adult goats, whereas other adult goats develop
a chronic gastrointestinal form of type D enterotoxemia that is
characterized by a fibrinonecrotic colitis (18).

Understanding the rapid lethality associated with many
cases of type D enterotoxemia could lead to improved vaccine
design. In the absence of a well-characterized, small animal
oral-challenge model, intravenous (i.v.) injection of vegetative
culture supernatants into mice is commonly used to study the
systemic lethality associated with type D enterotoxemias. How-
ever, the potential presence of several lethal toxins in those
type D supernatants could complicate interpretation of mouse
i.v. injection results. For example, vegetative cultures of type D
isolates (by definition) produce at least two potent lethal tox-
ins, i.e., ETX and CPA. Although not yet systematically eval-
uated with a large isolate collection, some or all type D isolates
could produce additional lethal toxins, such as perfringolysin O
(PFO), enterotoxin (CPE), or beta2 toxin (CPB2). Variations
in lethal toxin levels among type D vegetative culture super-
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natants could impact their lethal activity. For example, some of
those supernatants might possess sublethal ETX concentra-
tions but lethal CPA concentrations. However, to date, varia-
tions in supernatant lethal toxin levels have not been assessed
with a sizeable collection of type D isolates. Finally, although
the effects of i.v. injection of some pure C. perfringens toxins
into animals have been well studied, the relative contribution
of different toxins to the lethal properties of type D vegetative
culture supernatants has not yet been rigorously determined.
In response, the present study genotypically and phenotyp-
ically characterized lethal toxin production by a large collec-
tion of type D isolates. Collectively, several results from the
present study support the importance of ETX in causing the
mouse lethality induced by i.v. injection of late log-phase veg-
etative supernatants prepared from most type D isolates.

MATERIALS AND METHODS

Bacterial strains, media, and chemicals. Of the 47 putative type D strains
examined in the present study, 30 originated from the Burroughs-Wellcome
(BW) collection; those BW isolates were primarily gathered from diseased ani-
mals during the 1940s to 1960s and had been stored in a lyophilized form. They
were kindly provided by Russell Wilkinson (University of Melbourne). Ten other
isolates were recent North American animal disease isolates that were kindly
provided by J. Glenn Songer (University of Arizona). The remaining seven
isolates examined in the present study came from our laboratory collections and
had diverse origins, mostly including veterinary infections.

All C. perfringens isolates were initially grown overnight at 37°C under anaer-
obic conditions on TSC agar media (SFP agar [Difco Laboratories], 0.04%
p-cycloserine [Sigma Aldrich]) to ensure culture purity. Unless otherwise spec-
ified, FTG (fluid thioglycolate medium; Difco Laboratories) or TGY (3% tryptic
soy broth [Becton-Dickinson]; 2% glucose [Sigma Aldrich], 1% yeast extract
[Becton-Dickinson], 0.1% L-cysteine [Sigma Aldrich]) were used for growing
broth cultures.

Multiplex PCR. Brain heart infusion agar (Becton-Dickinson) plates were
inoculated with a putative type D isolate and then grown anaerobically overnight
at 37°C. Three or four colonies were picked from each plate and used to prepare
template DNA as described previously (37). These DNA preparations were then
subjected to a multiplex PCR assay (10) capable of detecting six genes encoding
C. perfringens lethal toxins or lethal toxin components, i.e., the CPA gene (plc),
the beta-toxin gene (cpb), the CPB2 gene (cpb2), the CPE gene (cpe), the ETX
gene (etx), and the iap gene encoding the A component of iota toxin. Products
from each multiplex PCR were electrophoresed on 2% agarose gels; after elec-
trophoresis, these gels were stained with ethidium bromide for visualization.
Isolates carrying both plc and etx genes are genotypically type D and henceforth
are referred to as genotype D isolates (10).

Optimization of vegetative culture conditions for ETX production. A single
isolated colony from a TSC plate streaked with a type D isolate was inoculated
into 10 ml of FTG medium, which was then incubated overnight at 37°C. A
0.1-ml aliquot of each overnight culture was then inoculated into 10 ml of FTG,
TGY, brain heart infusion broth (Difco), or differential reinforced clostridial
broth (EM Science). Those cultures were grown at 37°C, with aliquots of each
culture removed at specific times. For each removed culture aliquot, optical
density at 600 nm values were determined prior to centrifugation. Each resultant
supernatant was then mixed with an equal volume of protein sample buffer
before boiling for 10 min and loading on a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis gel for ETX Western blotting (see below).

Preparation of vegetative culture supernatants from genotype D isolates.
Single isolated colonies of genotype D isolates were inoculated into 10 ml of
FTG medium, which was incubated overnight at 37°C. Based upon the pilot ETX
production studies described above (see Results), a 0.1-ml aliquot of each over-
night culture was inoculated into 10 ml of TGY, and these cultures were grown
at 37°C to late log phase. Bacteria were removed from each TGY culture by
centrifugation, and the resultant supernatants were filter sterilized with a 0.45-
pm-pore-size filter.

Quantification of toxin levels in supernatants from genotype D isolates. (i)
ETX. For stronger (>400 ng of ETX/ml) ETX producers, sterile late-log-phase
supernatants (prepared as described above) were diluted, as needed, to bring
their ETX levels within the standard curve range of purified ETX used for
Western blot quantification (see Results). For weaker (<400 ng of ETX/ml)
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ETX producers, the sterile supernatants were concentrated 10-fold using Ami-
con Ultra-15 centrifugal ultrafiltration devices (10,000 molecular weight cutoff).
All sterile supernatants were mixed with SDS sample buffer, boiled for ~10 min,
and electrophoresed on 10% acrylamide gels containing SDS. After electro-
phoresis, separated supernatant proteins (and pure ETX standards) were trans-
ferred onto a nitrocellulose membrane (Bio-Rad Laboratories). For ETX West-
ern immunoblotting (31), an ETX-specific monoclonal antibody (5B7; kindly
provided by Paul Hauer, Center for Veterinary Biologics, Ames, Iowa) was used
as primary antibody, followed by rabbit anti-mouse immunoglobulin G (IgG)-
peroxidase conjugate (Sigma) as a secondary antibody. ETX Western blots run
with normal (nonconcentrated) or concentrated supernatants were then devel-
oped with SuperSignal West Pico or West Femto chemiluminescent substrate
(Pierce), respectively. For each genotype D isolate, supernatant ETX levels were
quantified for three independent cultures. All Western blot results were analyzed
and preserved using a Bio-Rad ChemiDoc imaging system.

(i) CPB2. To quantify CPB2 toxin levels, an aliquot of sterile late-log-phase
supernatant from a culture of cpb2-positive genotype D isolate was concentrated
10- to 50-fold using an Amicon Ultra-15 device prior to mixing with protein
sample buffer. Each concentrated vegetative supernatant was then boiled and
electrophoresed on a 12% acrylamide gel containing SDS. A dilution series of
CPB2, purified to homogeneity as described previously (9), was also run on each
gel to construct a standard curve. After electrophoresis and sample transfer onto
nitrocellulose, Western immunoblotting was performed using a rabbit polyclonal
CPB2 antiserum (kindly provided by Michel Popoff, Institut Pasteur, Paris,
France) as primary antibody, followed by goat anti-rabbit IgG-peroxidase con-
jugate (Sigma) as a secondary antibody. Blots were developed with SuperSignal
West Pico chemiluminescent substrate. For each cpb2-positive genotype D iso-
late, supernatant CPB2 levels were quantified for three independent cultures.

(iii) CPE. CPE production by sporulating cultures of cpe-positive genotype D
isolates was assessed by inoculating a 0.1-ml aliquot of an overnight FTG culture
into 10 ml of Duncan-Strong (DS) sporulation medium (17, 30). Those cultures
were then incubated for ~14 h, at which time sporulation was assessed by
phase-contrast microscopy. Sporulating cells in the cultures were sonicated to
release their internal CPE. After centrifugation, supernatants from the sonicated
sporulating culture lysates were used for CPE Western blotting (17).

For CPE Western blotting, a 100-pl aliquot of supernatant from each sporu-
lating (prepared as described above) or vegetative (prepared as described for
ETX Western blotting) culture was mixed with 100 wl of SDS sample buffer, and
30 pl of that mixture was then electrophoresed on 10% acrylamide gels contain-
ing SDS (no sample boiling). To quantify CPE levels present in each supernatant,
a dilution series of purified CPE (21) was run on the gel to establish a standard
curve. After electrophoresis and transfer onto nitrocellulose, CPE Western blot-
ting was performed with a rabbit polyclonal CPE antiserum as primary antibody,
followed by a goat anti-rabbit IgG-peroxidase conjugate (Sigma) as a secondary
antibody. Blots were developed with SuperSignal West Pico chemiluminescent
substrate. For each genotype D isolate, supernatant CPE levels were quantified
for three independent sporulating and vegetative cultures.

(iv) CPA. A 10-ml aliquot of sterile late-log-phase supernatant from genotype
D vegetative culture supernatant, prepared as described above for the ETX
Western blots, was freeze dried. That lyophilized material was then resuspended
in 1 ml of phosphate buffered saline (pH 7.4) and subjected to a phospholipase
C (PLC) activity assay using nutrient agar supplemented with 4% egg yolk
(vol/vol) as described previously (32). C. perfringens PLC (Sigma) was used as a
standard for quantifying CPA activity. Total protein present in each 10-fold-
concentrated vegetative supernatant sample was determined by using the BCA
kit (Pierce), and the specific activity was expressed as PLC units/mg of total
protein.

(v) PFO. A 1-ml aliquot of sterile late log-phase supernatant from a vegetative
genotype D culture (prepared as described above) was subjected to a series of
twofold dilutions with 5 mM dithiothreitol (Roche) in DPBS. These diluted
samples were then subjected to a quantitative PFO assay using horse red blood
cells (Biolab, Melbourne, Australia) as described previously (34). The PFO titer
was defined as the reciprocal of the last dilution showing complete hemolysis, as
indicated by a significant decrease in absorbance at 570 nm recorded with a
Multiskan spectrophotometer (Labsystems).

Mouse lethality assay of genotype D vegetative culture supernatants. For
initial toxicity testing, each sterile late log-phase genotype D supernatant (pre-
pared as described above) was divided into two aliquots. Because trypsin acti-
vation is necessary for ETX activation (23, 35), one of the paired supernatant
aliquots was treated with 0.05% trypsin for 30 min at 37°C, whereas the other
aliquot was similarly incubated without trypsin. Two BALB/c mice (male or
female, ca. 17 to 20 g; Charles River Laboratories) each received an i.v. injection
(tail vein) of 0.5 ml of the trypsinized (i.e., trypsin-treated) supernatant, while
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two other mice each received a similar 0.5-ml i.v. injection of the nontrypsinized
supernatant. All mice were observed for up to 48 h to monitor the development
of significant neurological distress, at which point those mice were immediately
euthanized with CO,. Our IACUC permit did not allow death as a routine
expected experimental endpoint, so supernatants that produced significant neu-
rologic distress (defined by the development of one or more of the following
signs: incoordination, ataxia, paralysis, blindness, or convulsions) within 48 h
were considered to possess lethal activity. However, pilot experiments indicated
that death typically follows the onset of neurologic distress in mice receiving i.v.
injections of genotype D late-log-phase supernatants.

For vegetative culture supernatants inducing neurologic distress, a 50% lethal
dose (LDs,)/ml was determined with additional pairs of mice, who received i.v.
injections containing twofold dilutions (between 1/50 to 1/800) in 1% peptone
water of late-log-phase supernatant aliquots that were or were not trypsinized (as
described above). Negative and positive control mice were also included in each
assay, with negative control mice receiving an i.v. injection of 1% peptone water
that did or did not contain trypsin (two mice each). Positive control mice received
i.v. injections containing twofold dilutions of a filtered C. perfringens type D
(CPE-negative and CPB2-negative) late-log-phase supernatant of known toxic-
ity, given at the same dilutions used for the test samples. The toxin titration was
calculated as double the reciprocal of the highest dilution inducing lethality,
within 48 h, in at least one of the two paired mice; this result was then expressed
as the 50% mouse lethal dose/ml.

For these lethality assays, at least two batches of each vegetative culture
supernatant were prepared and tested in mice as described above. Lethality
results were first averaged for each supernatant batch, followed by averaging the
means for the two or more different supernatant preparations tested for each
genotype D isolate. If results for different preparations of late-log-phase super-
natant for a particular isolate showed >3-fold dilution difference, the samples
were retested. All experimental procedures were approved by the Animal Care
and Use Committee of the California Animal Health and Food Safety Labora-
tory, University of California, Davis (permit 34).

Neutralization of genotype D vegetative culture supernatant lethality. To help
identify which toxins are responsible for the lethal activity of supernatants pre-
pared from late-log-phase genotype D cultures, monoclonal antibody (MAb)
neutralization experiments were performed as follows.

(i) Preincubation of ETX MAD with genotype D vegetative culture superna-
tants. A 0.6-ml volume of an undiluted genotype D late-log-phase supernatant,
prepared as described above, was divided into two aliquots that either were or
were not trypsinized as described above. The paired aliquots were then filter
sterilized prior to the addition of 0.1 ml of a solution containing 2 mg of
ETX-neutralizing MAb 5B7/ml. Those mixtures were then brought to 1.2 ml with
1% peptone water and incubated for 30 min at room temperature. A 0.5-ml
aliquot of each mixture was injected i.v. into two mice, while an additional pair
of mice received a similar i.v. injection of the same sterile trypsinized or non-
trypsinized supernatants that had been identically prepared, except for the omis-
sion of ETX MAD.

(ii) Preincubation of CPA MAD with genotype D vegetative culture superna-
tants. Filter-sterilized supernatants from late-log-phase cultures of six represen-
tative C. perfringens genotype D strains were incubated with 2 mg of an anti-CPA
MADb (kindly provided by P. Hauer)/ml. Mouse inoculations using those mixtures
were performed as described above for ETX neutralization studies.

(iii) Preincubation of CPE MAb with genotype D vegetative culture superna-
tants. Sterile supernatants were prepared from late log-phase cultures of four
selected C. perfringens genotype D strains as described above. The sterile super-
natants were then preincubated at room temperature for 30 min with 0.1 ml of
a solution containing 2 mg of the CPE-neutralizing MAb 3C9 (38)/ml before
being i.v. injected into mice, as described for ETX supernatant neutralization
experiments.

MADb neutralization of semipurified CPA. A 0.5-ml aliquot (containing a 30
LD, dose) of semipurified, ultrafiltered CPA was obtained from a vaccine
production batch (CSL, Ltd., Melbourne, Australia) prepared from an ovine
isolate of C. perfringens type A. That toxin preparation was preincubated at room
temperature for 30 min with 0.1 ml of a solution containing 2 mg of either the
same CPA- or ETX-neutralizing MAb/ml used in the genotype D supernatant
neutralization experiments described above. A 0.5-ml aliquot of each CPA-
antibody solution was then injected i.v. into mice.

MADb neutralization of purified ETX. ETX was purified to homogeneity using
a modification of the classical method of Habeeb (14). Briefly, late-log-phase
supernatant from type D isolate NCTC8346 was precipitated with 45% ammo-
nium sulfate, followed by successive ion-exchange chromatography on Macro-
Prep DEAE support (Bio-Rad) and Macro-Prep CM cation-exchange support
(Bio-Rad). A 0.5-ml aliquot of pure ETX was then activated with trypsin (as
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TABLE 1. Multiplex PCR analysis of genotype D isolates

No. of isolates (%) Genotype
27 (69) .ple etx
5(13) plc etx cpe
5 (13) ety plc etx cpe cpb2
2(5) plc etx cpb2

described above) and preincubated at room temperature for 30 min with 0.1 ml
of a solution containing 2 mg of either the same CPA- or ETX-neutralizing
MAb/ml used in the genotype D supernatant neutralization experiments de-
scribed above. A 0.5-ml aliquot of each ETX-antibody solution was then injected
i.v. into mice.

RESULTS

Lethal toxin gene carriage by putative C. perfringens type D
isolates. Multiplex PCR analysis was performed to survey the
presence of genes encoding six major C. perfringens lethal tox-
ins among a collection of 47 putative type D isolates. The 30
surveyed isolates from the BW collection had been previously
classified as type D many years ago using the classical toxin
neutralization typing method (15, 33). Multiplex PCR analyses
confirmed (data not shown) that 22 of the 30 BW isolates are
genotype D, since they carry plc and etx genes but not ¢pb or
iap genes (10). Of the remaining eight BW isolates formerly
classified as type D by classical toxin neutralization ap-
proaches, seven were identified as genotype A (i.e., these iso-
lates carry the plc gene, but not the etx gene required of
genotype D isolates), while the other putative type D isolate
from the BW collection was found to classify as genotype B
(i.e., it carries the plc, etx, and cpb genes). Similar multiplex
PCR analysis was also performed on 10 recent animal disease
isolates, which confirmed their previous identification by J. G.
Songer (unpublished data) as genotype D. Finally, multiplex
PCR analysis of seven other putative type D isolates collected
from various other sources confirmed their identity as geno-
type D.

The 39 isolates identified as genotype D by multiplex PCR
analysis were heterogeneous with respect to their carriage of
genes encoding two other lethal toxins, i.e., CPE and CPB2.
Nearly 70% of these genotype D isolates were found to lack
both the cpe and cpb2 genes, while the remaining 12 genotype
D isolates carried cpe, cpb2, or both the cpe and the cpb2 genes
(Table 1).

Lethal toxin levels in genotype D vegetative culture super-
natants. Phenotypic studies were then conducted to evaluate
whether the 39 surveyed genotype D isolates express their
lethal toxin genes during vegetative growth and to establish
whether these isolates produce PFO, a lethal toxin whose gene
(pfoA) is not detected by the conventional multiplex PCR
assay. PLC activity on egg yolk agar plates and hemolytic
activity against horse erythrocytes were measured to determine
CPA or PFO activity levels, respectively, in vegetative culture
supernatants of genotype D isolates. Because specific activity
assays are not available for ETX, CPB2, or CPE, the presence
of these three lethal toxins in genotype D supernatants was
assessed by Western blotting.

Since our genotype D supernatant characterization studies
would eventually also include extensive lethality determina-
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FIG. 1. Pilot studies to optimize ETX expression in genotype D
vegetative cultures. Three randomly selected genotype D isolates (m,
A, and @) were inoculated into TGY medium and incubated at 37°C.
(A) At the specified times, aliquots were removed from each culture
and the optical density at 600 nm of the aliquot was determined with
a spectrophotometer. (B) After centrifugation, supernatant ETX lev-
els for each isolate were evaluated by Western blotting, as described in
the Materials and Methods. The results shown are representative of
two repetitions. Note the absence of any detectable ETX in the super-
natant of isolate (A).
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tions, which would use large numbers of mice, we could only
choose a single growth condition for preparing vegetative su-
pernatants from genotype D isolates. Before picking that
growth condition for vegetative supernatant characterization
studies, pilot studies were conducted to optimize conditions for
ETX production by type D vegetative cultures. Those studies
revealed (data not shown) that, of four tested media (TGY,
FTG, brain heart infusion, and differential reinforced clostrid-
ial broth), TGY most consistently supported ETX production
by several randomly selected D isolates. Additional pilot stud-
ies with three genotype D isolates growing in TGY then de-
termined (Fig. 1) that one genotype D isolate failed to produce
detectable levels of ETX at any point in the growth curve.
However, the other two pilot isolates produced large amounts
of ETX by 8 to 10 h (i.e., by late log phase), with their ETX
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levels then remaining relatively constant for several hours
thereafter. Since, (i) late log phase is also optimum for CPB2
and CPA production (5, 9) and (ii) late-log-phase cultures also
express PFO (25), supernatants from late-log-phase culture
were used for all further studies characterizing the toxin con-
tent and lethality of type D vegetative culture supernatants.

Using those supernatants, Western blot analyses revealed
(see Fig. 2A, for representative results) significant variations in
supernatant ETX levels among the surveyed genotype D iso-
lates. Late-log-phase culture supernatants from two genotype
type D isolates contained no detectable ETX, even using 10-
fold-concentrated supernatants and a highly sensitive Western
blot detection substrate, while similar supernatants from 13
other genotype D isolates had only low ETX levels (i.e., <1.7
pg of ETX/ml of supernatant). However, medium to high ETX
levels (i.e., >1.7 to 53 pg of ETX/ml) were detected in late-
log-phase supernatants prepared from the 24 remaining geno-
type D isolates.

As previously established for cpe-positive type A isolates (7),
CPE expression by cpe-positive genotype D isolates was
strongly sporulation associated. None of the 10 surveyed cpe-
positive isolates produced any CPE during vegetative growth
(see Fig. 2B for representative Western blot results). However,
the eight cpe-positive genotype D isolates that were able to
sporulate in DS sporulation medium also could produce CPE
in that medium (representative results shown in Fig. 2B). The
remaining two cpe-positive type D isolates neither sporulated
nor produced CPE in DS medium.

Of the seven cpb2-positive genotype D isolates surveyed, six
were able to express CPB2 during late-log-phase growth (Fig.
2C). However, CPB2 production by those isolates was modest
(ranging up to 0.4 pg/ml), becoming detectable only when
50-fold-concentrated vegetative supernatants were used for
Western blotting.

Nearly two-thirds of these 39 genotype D isolates were
found to produce both CPA and PFO activity during late log
phase (Fig. 3). However, similar vegetative supernatants from
one third of the surveyed isolates contained no detectable PFO
activity (Fig. 3A), while late-log-phase supernatant from one
PFO-positive genotype D isolate contained no detectable CPA
activity (Fig. 3B). When present, PFO or CPA activity levels in
these vegetative supernatants showed considerable isolate-to-
isolate variation. PFO activity levels (Fig. 3A) in late-log-phase
supernatants ranged from 1 to 5.5 (log, titer), while their CPA
activity levels (Fig. 3B) ranged from 0.6 to 5.1 PLC units/mg X
1072, No consistent correlations (i.e., R? values were always
<0.4) were observed between the production of ETX, CPA, or
PFO by individual genotype D isolates (data not shown).

Lethal properties of genotype D vegetative culture superna-
tants. Collectively, the results shown in Fig. 2 and 3 indicated
that late-log-phase cultures of nearly all genotype D isolates
produce multiple lethal toxins, although with considerable
variation in amounts. Therefore, 21 of these genotype D iso-
lates were selected for further study to evaluate the contribu-
tion of various toxins to the lethal properties of their vegetative
supernatants in the mouse i.v. injection model. These 21 iso-
lates included a range of CPA, PFO, and ETX producers
(Table 2), including one non-ETX producer that expresses
medium amounts of CPA. In addition, those selected genotype
D isolates included one expressing CPB2 and 3 others that are
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FIG. 3. PFO (A) or alpha-toxin (B) activities in vegetative super-
natants of surveyed genotype D isolates. Isolates are grouped based
upon the mean of three independent toxin activity determinations.
ND, no significant activity detected.

cpe-positive (although they do not express CPE during vege-
tative growth).

Several of the lethal toxins produced by late-log-phase cul-
tures of genotype D isolates in Fig. 2 and 3 can be trypsin
sensitive (11, 13), as confirmed by our pilot study demonstrat-
ing that a 30-min pretreatment with 0.05% trypsin completely

FIG. 2. Western blot analysis of ETX, CPE, and CPB2 toxin pro-
duction by genotype D isolates. (A) Variations in ETX production by
representative genotype D isolates probed with a monoclonal antibody
against ETX. Pure epsilon-toxin (far left lane) was also electropho-
resed as a control. (B) Variations in CPE production by sporulating
and vegetative culture of representative cpe-positive genotype D iso-
lates probed with CPE polyclonal antiserum. The pure CPE lane shows
sporulating culture; sporulating culture lanes 1 and 2 show superna-
tants of two cpe-positive genotype D isolates grown in DS sporulation
medium. Vegetative culture lanes 1 and 2 show late-log-phase culture
supernatant of these same two isolates grown in TGY medium. (C)
Variations in CPB2 toxin production by three representative cbp2-
positive type D isolates probed with a polyclonal antibody against
CPB2 toxin. Pure CPB2 toxin (far right lane) was also electrophoresed
as a control.
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TABLE 2. Supernatant neutralization with different antibodies

Epsilon Alpha

Supernatant Vegetative culture (phenotype 1)*

antibody antibody
1 PLC(42), PFO(s 5y, ETXs3) Yes ND?
2 PLC(1.6), PFO(~y), ETX (17, Yes ND
3 PLC(, 5y, PFO ), ETXs, Yes No
4 PLC(~1), PFO 5), ETX g, Yes ND
5 PLC(1.9), PFO(~y), ETX 55, Yes ND
6 PLC(, 1y, PFO (), ETXy3, Yes ND
7 PLC(46), PFO(35), ETXs) Yes ND
8 PLC(51), PFO(-), ETX g, Yes No
9 PLC(; 5y, PFO (1), ETX4, Yes No
10 PLC(12), PFO(y 6y, ETXs) Yes ND
11 PLC 1), PFO( ), ETX 3, ND ND
12 PLCs 1y, PFO(56), ETX 5, Yes ND
13 PLC(3.1y, PFO(~), ETX g, ND ND
14 PLC35), PFO(5.0y, ETX4) Yes No
15 PLC(y 1y, PFO ), ETX 4, Yes No
16 PLC(~1), PFO(, ), ETX 3, ND ND
17 PLC(; 4y, PFO(-), ETX () ND ND
18 PLC(, ), PFO3 7y, ETXs5), CPE(, Yes ND
19 PLC(46), PFO(35), ETX(2), CPE(g ND ND
20 PLC(51), PFO(~y), ETX 3, ND ND
21 PLC ), PFO(y 6, ETXs), CPB2(g 03, ND ND
Alpha-toxin  PLC No Yes

“ Values shown in subscript parentheses for ETX, CPB2, and CPE are micro-
grams of protein/ml and for PFO and PLC are activity levels (log, titer or U/ml
[1073], respectively).

» ND, not determined.

abrogates the lethality of a 30 LDs,/ml dose of semipurified
CPA. In contrast, the ETX prototoxin must be proteolyti-
cally activated to acquire lethal properties (23, 35), which we
confirmed by demonstrating that a 30-min preincubation
with 0.05% trypsin decreases the LDs, of pure ETX proto-
toxin from 1 to 10 wg/ml to ~12.5 ng/ml (~312 ng/kg).
Because of these trypsin sensitivity differences, initial exper-
iments were performed to determine whether similar trypsin
pretreatment affects the lethal properties of late-log-phase
supernatants prepared from the 21 selected genotype D
isolates (Fig. 4). These studies revealed that, without trypsin
pretreatment, these supernatants cause little or no lethality
when injected i.v. into mice. Nor was lethality observed in
mice receiving injections of trypsin-containing buffer alone.
However, trypsin pretreatment initiated, or substantially in-
creased, the lethality of late-log-phase supernatants from 19
of the 21 tested genotype D isolates. A non-ETX producer
was one of the two genotype D isolates whose vegetative
supernatant did not show trypsin enhancement of lethality;
even undiluted, late-log-phase supernatant from that ETX-
negative isolate was not consistently lethal, with or without
trypsin pretreatment.

Since the Fig. 4 results were consistent with ETX playing an
important role in genotype D vegetative supernatant-induced
lethality, the lethal toxin content of late-log-phase superna-
tants from these 21 isolates were compared against their tryp-
sin-activated lethality, if any. Those analyses revealed a strong
correlation between the ETX levels of these trypsin-activated
supernatants and their lethality (Fig. 5, top panel). Similar
comparisons indicated that neither CPA (Fig. 5, middle panel)
nor PFO (Fig. 5, bottom panel) activity levels significantly
correlate with trypsin-activated lethality of late-log-phase su-
pernatants. No attempt was made to correlate CPE or CPB2
expression with lethality because Fig. 2 (middle and bottom
panels) results demonstrated that little or none of those two
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toxins are present in vegetative culture supernatants of geno-
type D isolates.

MADbD neutralization of genotype D vegetative supernatant
lethality. To definitively evaluate whether ETX is required for
the lethal properties of most trypsin-activated genotype D veg-
etative culture supernatants, MAb neutralization experiments
were performed. Preincubation of neutralizing anti-ETX MAb
5B7 with each of 14 different genotype D late-log-phase su-
pernatants, all containing ETX and exhibiting trypsin-activated
lethality in Fig. 4 and 5 experiments, completely neutralized
their lethality for mice (Table 2). Furthermore, this anti-ETX
MAD also neutralized the lethal activity of late-log-phase su-
pernatant from the one ETX-producing genotype D isolate
that did not exhibit enhanced lethality after trypsin pretreat-
ment in Fig. 4 studies. In contrast, preincubation of an anti-
CPA MAD with trypsin-activated late-log-phase supernatants
from 5 of these 14 genotype D isolates failed to neutralize their
lethality, even though these 5 isolates included the strongest
CPA and PFO producers analyzed in this survey.

Several controls support the specificity of these neutral-
ization results. First, under preincubation conditions iden-
tical to those used above with the genotype D supernatants,
the anti-ETX MADb neutralized the lethality of 5 g of pure
trypsin-activated ETX but not a 30 LD, dose of semipuri-
fied CPA. However, that CPA dose (but not activated ETX)
was neutralized by similar preincubation with an anti-CPA
MAD. A final control for antibody specificity included the
failure of an anti-CPE MAD to neutralize the lethality of
trypsin-pretreated late-log-phase supernatants from five se-
lected genotype D isolates.

DISCUSSION

In domestic ruminants, Clostridium perfringens type D iso-
lates are a major cause of fatal enterotoxemias (18, 33). To
reduce the economic impact of these enterotoxemias, vaccina-
tion is widely practiced using vaccines that typically consist of
inactivated supernatant filtrate prepared from a vegetative cul-
ture of a type D isolate (18, 33). Whether those type D super-
natants commonly contain lethal amounts of ETX and other
toxins has been unclear but could be important for improving
vaccine efficacy. For example, if vegetative cultures of type D
isolates typically produce lethal levels of several toxins, opti-
mally protective vaccines should probably be produced using
type D supernatants that contain high levels of all of those
lethal toxins and not just ETX.

Classical C. perfringens toxin typing studies (15, 20) have
demonstrated that antiserum raised against type A vegetative
culture supernatants cannot neutralize the lethal properties of
type D vegetative culture supernatants in the mouse i.v. injec-
tion model, which is consistent with ETX (produced by type D,
but not by type A, isolates) playing a role in type D superna-
tant-induced lethality in mice. However, results from the
present study imply that the polyclonal antisera raised against
type D supernatants and then used in classical toxin typing
studies would typically contain a mix of antibodies against
several lethal toxins. Therefore, previous toxin typing results
did not preclude the possibility of other lethal toxins (besides
ETX) contributing to, or even being sufficient for, the mouse
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FIG. 4. Mouse lethality assay results with trypsinized or non-
trypsinized genotype D supernatants. The front row shows mouse
lethality results with a nontrypsinized aliquot of vegetative culture
supernatants prepared from 21 different genotype D isolates (see Ta-
ble 2 for their phenotype). The back row depicts mouse lethality results
for the same genotype D vegetative supernatants after trypsinization.
Numbers at top of supernatants 1, 5, and 18 had lethality levels too
large to depict on this graph. The results shown are the mean of two
independent determinations. Note that culture supernatants were ar-
bitrarily assigned numbers 1 to 21 to avoid possible misuse by identi-
fying genotype D isolates producing highly lethal supernatants. Geno-
type D isolates producing supernatants 1 to 4, 7 to 12, 14, and 18 to 20
are animal disease isolates from the BW collection; isolates producing
supernatants 13, 17, and 21 are recent North American animal disease
genotype D isolates provided by Glenn Songer; and the remaining
supernatants (5, 6, and 16) were from animal disease genotype D
isolates obtained from miscellaneous sources.

lethality induced by some or all type D vegetative culture
supernatants.

Consequently, the major goals of the present study were to
comprehensively characterize lethal toxin production by geno-
type D isolates and to start identifying which of these exotoxins
are important for the lethality of genotype D vegetative super-
natants in the mouse i.v. injection model. By determining the
carriage and expression of lethal toxin genes among our large
collection of genotype D isolates, our analyses now establish
that genotype D isolates typically produce widely varying levels
of at least three lethal toxins during vegetative growth. The
basis for these variations in toxin expression among type D
isolates is not clear but could involve such factors as promoter
sequence variations or isolate-to-isolate variations in the activ-
ity of two-component regulatory systems (e.g., VirR/VirS),
which are known to positively regulate CPB2, CPA, and PFO
expression levels in type A isolates (2, 6, 26). Currently, little or
no information is available regarding the regulation of ETX
production.

With respect to identifying which specific toxins are impor-
tant for the lethality of genotype D vegetative supernatants,
three results from the present study indicate that, under the
experimental conditions used, ETX is required for the lethal
properties of most late-log-phase type D supernatants in the
mouse i.v. injection model. First, our studies identified a strong
correlation between genotype D vegetative supernatant ETX
levels and mouse lethality, whereas CPA or PFO activity levels
in those supernatants showed no correlation with mouse le-
thality. The current results also revealed that ~5% of the
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FIG. 5. Correlations between mouse lethality and lethal toxin levels
in the vegetative supernatants of genotype D isolates. (Top panel)
Regression analysis of late-log-phase supernatant ETX levels (ug/ml)
versus mouse lethality. Regression analyses of late-log-phase superna-
tant alpha-toxin (middle panel) or PFO (bottom panel) levels versus
mouse lethality are also shown. For the bottom panel, isolates graphed
at 0 on the x axis had an undetectable PFO activity level. Mouse
lethality results shown represent the mean of two independent deter-
minations and toxin level, or activity determinations represent the
mean of three independent determinations. The R? shown for each
panel is the correlation coefficient.

surveyed genotype D isolates produce no detectable ETX, at
least under the current experimental conditions. Further study
of these non-ETX-producing isolates is under way, but the
apparent discovery of silent etx genes in some genotype D
isolates has potential diagnostic significance, i.e., genotype D
isolates with silent etx genes would classify differently using
classical toxin typing neutralization techniques compared to
multiplex PCR genotyping approaches. To our knowledge, si-
lent etx genes have not been identified previously, but a pre-
cedent exists for silent C. perfringens lethal toxin genes, e.g.,
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type E isolates usually carry silent cpe genes (3) and some type
A isolates (and possibly some type D isolates, see Fig. 2)
apparently carry silent cpb2 genes (4, 9, 16, 36). Similarly,
several isolates previously classified as type D by toxin neutral-
ization typing approaches were shown in our study to belong to
genotype B; this classification discrepancy might be attribut-
able to isolates carrying silent cpb genes.

A second line of evidence in support of ETX as the major
toxin contributing to the lethality of most genotype D vegeta-
tive supernatants is provided by our trypsin pretreatment re-
sults. These studies indicate that trypsin pretreatment was ei-
ther required for, or substantially increased, the mouse
lethality of vegetative supernatants prepared from 19 of the 21
tested genotype D isolates. That determination is consistent
with ETX playing the major role in type D supernatant lethal-
ity given (i) the known requirement for proteolytic activation
of ETX toxicity (23) and (ii) observations that CPB2 (11) and
CPA (13) can be trypsin sensitive. ETX activation explaining
the trypsin pretreatment-induced increase in mouse lethality
observed for most surveyed genotype D vegetative superna-
tants is also consistent with our observation that an ETX-
negative genotype D isolate produced a late-log-phase super-
natant that was nonlethal, with or without trypsin
pretreatment.

Our antibody neutralization results provide the final piece of
evidence that ETX plays a major role in genotype D vegetative
supernatant-induced mouse lethality. An anti-ETX MADb was
shown to specifically block the lethality of trypsin-activated
late-log-phase supernatants from most genotype D isolates,
which indicates ETX is necessary for the lethal properties of
these supernatants in the mouse i.v. injection model. Notably,
this anti-ETX MADb (but not an anti-CPA MADb) even neutral-
ized the one ETX-containing supernatant that exhibited the
same lethality in the presence or absence of trypsin-pretreat-
ment. Besides confirming ETX is responsible for the lethal
properties of that supernatant, this result also suggests that
genotype D isolate produces extracellular proteases to self-
activate ETX, a phenomenon noted previously for some type
D isolates (22). For other type D isolates, ETX is activated by
intestinal proteases prior to its absorption (14).

The present study’s conclusion that, under the experimental
conditions used, ETX is necessary for the lethality of most
genotype D vegetative culture supernatants in the mouse i.v.
injection model is consistent with the potency of this toxin,
which has the lowest LDs, (0.1 to 0.3 pg/kg) of all C. perfrin-
gens toxins when administered via the i.v. route (12). By com-
parison, the other lethal toxins consistently present in type D
supernatants, i.e., CPA and PFO, have LDy, values of 3 or 13
ng/kg, respectively, by the iv. route (12). Establishing that
ETX is required for the lethality of most genotype D vegetative
supernatants is also consistent with results from a previous
study by el Idrissi and Ward (8), who noted a correlation
between mouse iv. lethality and ETX levels (measured by
enzyme-linked immunosorbent assay) in late-log-phase super-
natants prepared from six type D isolates. These authors noted
that their putative correlation between ETX levels and lethal-
ity was preliminary and required confirmation by analysis of
additional C. perfringens type D isolates; in that regard, only a
single genotype D isolate was common to both studies. Al-
though el Idrissi and Ward did not attempt to neutralize type
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D supernatant lethality with an ETX-specific antibody, our
results demonstrating that ETX is required for genotype D
vegetative supernatant lethality are consistent with, and offer
support for continuing, the common practice of evaluating type
D veterinary vaccination efficacy by measuring serum anti-
ETX titers in immunized animals (18). These new findings are
also consistent with a previous study showing that immuniza-
tion with an anti-idiotypic antibody raising antibodies against
an ETX neutralizing epitope can protect mice against chal-
lenge with a virulent type D isolate (27).

There are also several obvious limitations to our study. First,
although this survey included a large number of genotype D
isolates with diverse geographic origins and dates of isolation,
rare genotype D isolates could exist that cause ETX-indepen-
dent mouse lethality by producing exceptionally large amounts
of another (non-ETX) lethal toxin. Supporting that possibility,
a few type A isolates have been identified that express excep-
tionally large amounts of CPA activity, e.g., late-log-phase
supernatants of type A strain ATCC 13124 produce CPA ac-
tivity levels of 18.8 U/mg of total protein X 10> (determined
in the present study). Second, variations in culture conditions
could affect the relative contributions to mouse lethality by
different lethal toxins in genotype D vegetative supernatants.
That possibility should be evaluated by future studies, but the
culture conditions used in our study for preparing vegetative
supernatants were chosen for maximal toxin content (see Re-
sults) and closely resemble the culture conditions used by el
Idrissi and Ward, thus allowing direct comparisons between
these two studies. Third, our studies do not necessarily rule out
the possibility that additive or synergistic interactions between
ETX, CPA, and PFO could affect lethality. For example, such
toxin interactions might hasten time to death of mice, a factor
not investigated in the current study. There is precedent for
interactions between C. perfringens toxins, since CPA and PFO
have been shown to act synergistically in a mouse model of C.
perfringens type A myonecrosis (1). Fourth, species differences
could affect the relative sensitivity of animals to type D lethal
toxins (see Introduction). Finally, although injecting superna-
tants i.v. into mice is useful for modeling the rapid lethality of
type D enterotoxemias, this approach obviously does not com-
pletely mimic the natural infection. Conceivably, other lethal
toxins could play a role in, or even be required, for ETX
absorption across the intestinal mucosa. This important ques-
tion cannot currently be addressed for large numbers of geno-
type D isolates in the absence of a well-characterized small
animal oral-challenge model amenable to antibody neutraliza-
tion approaches. Such oral challenge models would also be
useful for dissecting the lethal properties of type D isolates
using toxin knockout mutants. Therefore, efforts are currently
under way to develop improved animal models for studies
aimed at elucidating the virulence of type D isolates.
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